Objective(s): Stroke poses a crucial risk for mortality and morbidity. Our study aimed to investigate the effect of p-coumaric acid on focal cerebral ischemia in rats. Material and Methods: Rats were randomly divided into four groups, namely Group I (control rats), Group II (ischemia rats), Group III (6 hr ischemia + p-coumaric acid rats) and Group IV (24 hr ischemia + p-coumaric acid rats). Cerebral ischemia was induced via intraluminal monofilament occlusion model. In all groups, the brain was removed after the procedure and rats were sacrificed. Malondialdehyde, superoxide dismutase and nuclear respiratory factor-1 were measured in the ischemic hemisphere. The histopathological changes were observed in the right hemisphere within the samples. Functional assessment was performed for neurological deficit scores. Results: Following the treatment, biochemical factors changed significantly. Histopathologically, it was shown that p-coumaric acid decreased the oxidative damage. The neurological deficit scores of p-coumaric acid-treated rats were significantly improved after cerebral ischemia. Conclusion: Our results showed that p-coumaric acid is a neuroprotective agent on account of its strong anti-oxidant and anti-apoptotic features. Moreover, p-coumaric acid decreased the focal ischemia. Extra effort should be made to introduce p-coumaric acid as a promising therapeutic agent to be utilized for treatment of human cerebral ischemia in the future. 
Introduction
Cerebral ischemia is still a serious clinical problem leading to permanent neurological deficit and complications. Primary injury (contusion, edema and pressure) inevitably causes cell death and creates permanent damage. If ischemia continues after primary injury, it causes edema, an increase in capillary permeability and secondary damage depending on the inflammation both within and near the damaged region (1) . At this stage, glutamate-induced excitoxicity, oxidative stress, protein synthesis inhibition, demyelinization, apoptosis, autophagy, etc. occur (1, 2) . Although there have been many studies focusing on various neuroprotective agents in order to prevent the secondary damage, today we still do not have any effective treatment for cerebral ischemia.
Polyphenolic compounds are described as chemopreventive agents. Following the discovery of biological activities of these compounds in past years, studies on flavonoids, a type of polyphenolic compound, have become more important. Simonyi et al showed the neuroprotective effects of polyphenols in cerebral ischemic lesions (2) . P-coumaric acid (CA), a polyphenolic compound, is synthesized from cinnamic acid by P450-dependent 4-cinnamic acid hydroxylase enzyme (3) . The main sources of CA are the fruits (e.g. apple and pear), the vegetables (e.g. beans, soy bean, potato and tomato), the drinks (e.g. tea, coffee, wine and beer) and chocolate (4) .
In vitro and in vivo researches have shown that CA inhibits platelet aggregation (5) . Studies have demonstrated that CA supports free radicals scavenging as a strong inhibitor of oxidation of the low density lipoprotein (LDL). Also, CA decreases the production of malonilaldehyde (MDA) which reduces potential hazards to biological membranes thereby decreasing atherosclerosis (6) . In another study that was done in rats, CA has shown a protective effect against the recurrent inflammation of the small intestine induced by dextran sodium sulfate (7) . Moreover, it has also been shown that CA ameliorates osteoporosis due to estrogen deficiency in rats (8) . Because of its strong tyrosine kinase inhibitory activity, CA inhibits melanin synthesis; therefore it is also considered as a kind of antimelanogenic agent (9) . Many studies concerning CA have shown its chemoprotective (10), neuroprotective (11), cardioprotective (12) (13) (14) (15) , anti-microbial (16), anti-cancer (3, 17, 18) , anti-ulcer (19) and anti-inflammatory (20) effects. No study was found in a review of the English medical literature showing neuroprotective effect of CA on cerebral ischemia. In our study, the anti-oxidants and anti-apoptotic effects of CA have been demonstrated. Therefore, CA may provide a novel and promising therapeutic strategy for treatment of human cerebral ischemia.
Materials and Methods

Animals
The rats were obtained from Çanakkale Onsekiz Mart University Experimental Research Center. SpragueDawley male rats (300±25 g, 8-12 week old) were used in this experiment. Rats were kept for a week before the strat of the experiment to adapt to the environment. This study was conducted in Çanakkale Onsekiz Mart University Experimental Research Center. A standard pellet diet (Bil-Yem Ltd., Ankara, Turkey) and tap water were provided ad libitum. Rats were provided with a photo-periodic medium at 21±2 °C , with the humidity of 60±5% and white fluorescent tube lighting (8:00 AM 8:00 PM light, 8:00 PM 8:00 AM dark). Experiments were carried out with the permission of Çanakkale Onsekiz Mart University Animal Ethics Committee in accordance with the "Guide for the Care and Use of Laboratory animals (8th edition, 2011)" (Number: 2012/08-13). 
Reagents
Dosage
The dosage was determined as 100 mg/kg body weight based on preliminary studies with various doses (50, 75, 100 mg) to reveal the biological effects of CA (3, 5-7, 9, 11, 12, 16, 17, 20) .
Experimental design
Rats were randomly divided into four groups (N=8). Group I: Control rats received intraperitoneal vehicle alone (20% ethanol) (CN).
Group II: Rats received a single dose 1 ml intraperitoneal vehicle (20% ethanol) following middle cerebral artery occlusion (MCAO) (sham operated group).
Group III: Intraperitoneal CA (100 mg/kg b wt) was administered to rats. Animals were sacrificed 6 hr after MCAO application (MCAO+CA6).
Group IV: Intraperitoneal CA (100 mg/kg b wt) was administered to rats. Animals were sacrificed 24 hr after MCAO application (MCAO+CA24).
Surgical Procedure
Anesthesia for all groups was achieved with intraperitoneal administration of xylazine (5 mg/kg) (Bayer, Istanbul, Turkey) and ketamine hydrochloride (50 mg/kg) (Ketalar, Eczacıbaşı, Istanbul, Turkey) under spontaneous breathing of ambient air. A Biopac MP36 (BIOPAC Systems, Inc. Goleta, CA, USA) device was used as the monitor. Mean arterial pulse was 375 per min during surgery. Body temperature was monitored with a rectal probe and was adjusted to 37.1 to 37.4 °C with a heating pad. Temperature of the temporal muscle was recorded to measure the brain heat and the temperature was also adjusted to 36.2 to 37.0 °C using a heating lamp. Rats were operated on an operating table under sterile conditions. In the supine position paramedian incision from the right side of the neck was performed to skin and subcutaneous tissue. Bifurcation of right common carotid artery was explored. Focal cerebral ischemia was achieved with middle cerebral artery occlusion (MCAO) using the intraluminal filament technique as described earlier (21) . In order to create MCAO, monofilament nylon suture with silicone-coated tip (Ethicon Inc., Somerville, New Jersey, USA) (external diameter 0.28 mm) was propagated by means of a small incision from the carotid bifurcation to 16-18 mm distal of the internal carotid artery. Rats received intraperitoneal CA 100 mg/kg, 5 min after the MCAO application. All of the rats showed weakness in the left side (rotating around own axes and/or drop to the left) when they woke from anesthesia. Thus, it was verified that ischemia induces neurological deficits. Before rats were sacrificed, the whole brain had been removed by craniotomy. As soon as the brain was removed, the intraluminal monofilament suture was occured in the MCA. Brain tissue was rinsed with 0.9% saline solution, dried with filter paper and put into ice. Half of the right hemisphere was stored at -80 °C within labeled sterilized plastic bags for tissue biochemistry examinations. The other half of the right hemisphere was fixed in 4% paraformaldehyde solution for 
Biochemical estimations
Tissue specimens were pulverized with liquid nitrogen. Then, they were homogenized with 1 ml of cold PBS on ice for 30 sec at 20,000 rpm. The resultant homogenates were centrifuged for 10 min at 4 °C and 10,000 rpm. Supernatants were moved to another tube. All samples were stored at -80 °C until examination. The samples were brought to 2-8 °C on the day of study.
Measuring the Levels of Protein, SOD, MDA and NRF1
The protein content of the brain tissue was measured using the method of Lowry et al (22) . Results are shown as mg/ml.
Tissue SOD activity was determined by nitroblue tetrazolium (NBT) method which was described by Sun et al and modified by Durak et al (23) . A Shimadzu spectrophotometer (Shimadzu Corp, Kyoto, Japan) was used for SOD assay. In this method, NBT is reduced to blue formanzan with superoxide. SOD activity is reported as U/mg protein.
MDA levels were analyzed for lipid peroxidation products (24) . MDA levels were estimated by ELISA technique. MDA results are presented as nmol/ml/mg protein.
NRF-1 target genes control cell adhesion, cell spreading, migration, proliferation and apoptosis. NRF1 levels were determined by ELISA technique. NRF1 results are reported as nmol/ml/mg protein.
Histopathology
Tissues were washed under running water for about 6-8 hr after 24 hr fixation. Next, they were passed through ethanol-xylene series and embedded into paraffin after conducting automatic tissue tracing (Citadel 2000, Thermo Fisher Scientific Shandon, England). Thickness of tissue slices were 4-6 μm for routine Hematoxylin-Eosin (HE) and Luxol Fast Blue (LFB) staining, and 3-4 μm for immunohistochemical staining.
Slices that were prepared for immunohistochemical staining were put in xylene for 20 min. Then, they were kept in 3% H2O2 for 10 min after being passed through alcohol series (70-99%). Slices were heated in citrate buffer solution 4 times at 700-800 watt for 5 to 10 min (each time) after being rinsed with Phosphate Buffered Saline (PBS). Slices were kept in a secondary blocking agent for 20 min. Each specimen was incubated for 60-75 min in different dilutions (1/200-1/250) of primary antibody. Diaminobenzidine (DAB) solution was used as the chromogen. Contrast coloring was stained with Mayers hematoxylin. PBS was used for negative controls. Samples were covered with suitable covering material and photos of samples were taken. İn terms of the percentage values of immunopositive reactions in every area, the results of the immunohistochemical staining were categorized into 4 categories namely light (+), moderate (++), strong (+++) and very strong (++++). For each specimen, 15 different regions of hematoxylin staining were identified. Each area was 1200 micrometer square and cell density was determined by counting the neuronal cells.
Functional assessment
The degree of functional deficit was scored using the five-point Bederson's scale (25) : 0, no deficit; 1, mild forelimb weakness; 2, severe forelimb weakness, consistently turns to side of deficit when lifted by tail; 3, compulsory circling; 4, unconscious; and 5, dead. Neurological status was scored at 0, 6 and 24 hr after ischemia. Functional assessment was done by a neurologist who was not involved in giving medication or performing the experiments in rats. 
Statistics
Results
Biochemical analysis SOD, MDA and NRF-1 concentrations
When CN group was compared to the other groups, SOD values showed a statistically significant decrease (P<0.05). It was observed that the MCAO group showed a significant decrease in SOD values compared to the other groups (P<0.05). There was a statistically significant increase in SOD values in MCAO+CA6 and MCAO+CA24 groups compared to the MCAO group A statistically significant decrease was observed in NRF-1 levels in the CN group compared to the other groups (P<0.05). A statistically significant decrease was seen in the MCAO group compared to all other groups (P<0.05). CA treatment further increased the protein level of NRF-1 at each time point and the levels significantly increased at 6 hr and 24 hr (P<0.005) after stroke. Therefore, NRFsignificantly increased in control (P<0.005) and at 24 hr (P<0.005) in CA treated group, compared to the respective time points in the MCAO group. No significant difference was observed between MCAO+CA6 and MCAO+CA24 groups (P>0.05). Therefore, activities were either brought back to normal level or significantly improved by CA compared to non-CA-treated brain tissue (Figure 1 ).
Histopathological findings Findings of HematoxylinEosin and Luxol Fast Blue Staining
Histopathological examination of brain tissues in the CN group showed cells and tissues with normal histological morphology following both HematoxylinEosin and Luxol Fast Blue staining (Figure 2 ).
In the MCAO group, some cells shriveled up, and appeared to have vacuolization and edema areas within and around the neuroglial area. It was observed that microglial cells were located in red neurons and the vicinity of vacuolar regions were stained intensely (Figure 2 ). Pyramidal neurons of the MCAO group in luxol-fast staining showed rather basophilic characteristics with respect to the control group. Nuclei of neurons in external pyramidal lamina appeared to be large and were stained slightly basophilic. A remarkable increase in the number of red neurons was observed (Figure 2) .
Following Hematoxylin-Eosin staining, an increase in neuronal damage and nuclear chromatin density was observed in MCAO+CA6 and MCAO+CA24 groups as compared to the CN group. Damaged neuronal appearance with karyorrhexis was detected in red neurons with intense acidophilic neuronal cytoplasm and pyknotic structure. Cells which appeared to look like red neurons were found in large quantities on the outer granular layer of MCAO groups. Figure 2) . The degree and frequency of histopathologic findings obtained through HE and LFB staining are summarized in Table 2 .
Immunohistochemical staining signs Anti-caspase-3 immunoperoxidase
A ring-like dense immunoreactivity was observed in nuclei of neurons and the periphery of nuclei within the MCAO groups after immunperoxidase staining with caspase-3. It was found that caspase-3 activity increased in cortex and sub-cortex regions. Another finding was that caspase-3 immunopositivity occurred extensively in the ischemic zone. The presence of intensive apoptotic nucleated cells was determined. Observed necrotic cell morphologies and vacuolization in cells in the ischemic region affected the positivity. There was an increase in the number of microglial cell clusters around damaged regions in the ischemia group. In contrast, the MCAO+CA6 group revealed little caspase-3 immunopositivity compared to the MCAO group and the immunopositivity was the same as the CN group. Less immunoreactivity of caspase-3 was also found in the MCAO+CA24 group compared to the MCAO+CA6 group (Figure 3) .
Anti-Caspase-9 immunoperoxidase
Caspase-9 positivity on neuronal degeneration occurring in the MCAO group was denser compared to the CN group. Caspase-9 immunopositivity in the MCAO+CA6 and MCAO+CA24 groups was less than that of the MCAO group. It was determined that immunopositivity of caspase-9 in the MCAO+CA6 group was similar to the MCAO+CA24 group.
Caspase-9 staining around large cortical neurons showed both ring form and intranuclear granular shape. The most sensitive region was found to be the CA1 region in the hippocampus in ischemia groups, whereas apoptosis was less dense in the CA3 and dentate gyrus regions (Figure 4 ). Immunoreactivity degrees of caspase-3 and caspase-9 are summarized in Table 3 .
Percentage values of positive reactions in tissues on immunohistochemical staining are shown in Table 4 .
Functional assessment
After cerebral ischemia, animals exhibited a variety of neurological deficits. Our results revealed that CA could improve neurological deficit scores. The neurological scores were significantly increased (P<0.05) 6 and 24 hr after ischemia compared to the sham-operated rats. Treatment of CA significantly improved the neurological deficit when compared to sham-operated rats. Moreover, the neurological scores of the 24 hr group were significantly better than those of the 6 hr group (P<0.05). No score was found in the CN rats or in the hemisphere contralateral to the ischemic side.
Discussion
Currently, high doses of steroids are used in the early stages of cerebral ischemia treatment in order to minimize the cerebral damage, mortality and morbidity.
Experimental studies on many neuroprotective agents are still ongoing. In some studies, a relationship between reduction in neurotoxicity and anti-oxidant intake within the diet has been observed (11) . The present study was carried out to investigate the possible neuroprotective effect of p-coumaric acid against cerebral ischemia in rats concerning biochemical, histopatological and functional assessment findings.
There are many studies to date on CA as an antioxidant taken with diet. Abdel-Wahap et al (12) reported that CA acts as a cardioprotective agent against oxidative stress. Janicke et al (18) , Ferguson et al (17) and Kong et al (3) reported the anti-cancer activity of CA. Roy (13) , Prince (15) and Prasanna et al (14) reported that CA has a protective effect on infarct size occurring in cardiotoxicity and lessens apoptosis. Pragasam et al (20) also showed the antiinflammatory effect of CA. An experiment in mice neuron culture by Vauzour et al (11) showed neuroprotective effect against 5-S-cysteinyldopamine-induced neurotoxicity. However, so far no study has investigated the neuroprotectivity of CA on cerebral ischemia. SOD, MDA, and NRF-1 values were used to evaluate biochemical results of CA treatment in ischemic tissue after cerebral injury. It is known that ischemia elevates the formation of reactive oxygen species (ROS) in brain tissue (26) . ROS is produced as a result of metabolic reactions. ROS may cause cellular damage through oxidation of membrane lipids, essential cellular proteins and DNA (27) .
MDA is the ultimate product of lipid peroxidation and it is one of the most sensitive indicators of lipid peroxidation (28) . As long as fatty acids, O2 and metal catalysts (Fe +2 , Cu + ) are present in the medium, lipid peroxidation results in the formation of new free radicals. For this reason, the reperfusion period is quite amenable to lipid peroxidation (29) . Since lipid peroxidation may improve membrane permeability, it may cause a decrease in membranebounded Na + -K + ATPase enzyme activity. As a result, K + and Mg 2+ concentrations have vital importance for denatured and attenuated protein synthesis.
Increased lipid peroxidation may result in the release of mitochondrial matrix enzymes and lysosomal proteolytic enzymes in the cytoplasm. In this situation, intracellular proteolysis and cellular destruction increase (29) . As a consequence, the immune system including SOD as an antioxidant enzyme involves a wide range of cellular activity to protect neuronal cells from ROS-induced cell death (30) . SOD detoxifies O2 to H2O2 which is then scavenged by peroxisomal catalase. In brief, H2O2 can not be easily scavenged during ischemia due to the lower activity of SOD (30) .
When a large amount of free oxygen radicals produced during ischemia exceeds the immune capacity of the organism, they react with polyunsaturated fatty acids -main components of cell (28) . In our study, tissue MDA levels increased significantly in the MCAO group compared to the CN group. In the MCAO+CA6 and MCAO+CA24 groups, MDA levels decreased significantly compared to the MCAO group. SOD activity decreased significantly in the MCAO group compared to the CN group. In addition to these data, the significant increase in SOD activity in the MCAO+CA6 and MCAO+CA24 groups compared to the MCAO group points to the possible neuroprotective and anti-oxidant effects of CA in ischemic brain tissue. Nuclear respiratory factor-1 (NRF-1) activates some key gene expressions regulating cell growth and development as well as nuclear genes coding for respiration proteins. It activates heme biosynthesis and mitochondrial DNA transcription and replication. NRF-1 responds to redox signaling pathways through post-translational modifications and through its specific interaction with transcriptional co-activators (32) . Due to CA's unique feature of ameliorating mitochondrial function via improving mitochondrial biogenesis, it might be a good strategy against many stress situations including neurodegenerative diseases. In our case study, embolism of the human brain was simulated one to one. Therefore, reperfusion was not made via withdrawal of the intraluminal filament. Thus, NRF-1 values were decreased in the MCAO group. NRF-1 values in the CA-treated ischemic groups were increased significantly. In accordance with the literature, NRF-1 values in our study display a proportional increase with duration of reperfusion in the ischemia-reperfusion groups, and it increases further when neuroprotective agents are administered (32, 33) . Our study shows that CA ameliorates the suppression of ischemia-induced respiratory complex activities and it increases mitochondrial oxidative phosphorylation. These results show that the utilitarian effect of CA might arise from the increase of mitochondrial protein synthesis and biogenesis.
The neuroprotective effect of CA arises from its capacity to activate both ERK and Akt signaling pathways (34) . These pathways lead to inhibition of mitochondrial-associated pro-apoptotic protein, apoptosis signal-regulating kinase 1 (ASK1) and caspase activity (34) . In accordance with the literature review, our study showed that caspase-3 and caspase-9 immunoreactivity markedly decreased in CA-treated groups. Our study demonstrates the anti-oxidant and neuroprotective effect of CA through modulation of the apoptosis mechanism.
Conclusion
As a result, our findings illustrate the neuroprotective effect of CA on cerebral ischemia. However, studies at molecular level, which are underway, are required to unravel the exact mechanism of CA against cerebral ischemia.
